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SECTION 1
INTRODUCTION

[t is the purposc of this report to present the results of a
recent investigation into the quality of SGEMP simulation which can be
expected in the proposed Satellite X-ray Test Facility. The strawman design
which will be criticized in this report consists of a spherical vacuum tank
30 m in didameter with a concentric, transparent, non-emttting damper membrane
whose diameter is 80 percent of the tank's diameter.! The X-ray illumination
is caused by both a compact exploding wire and an extended bremsstrahlung
source. In this study, we wish to determine how closely the SGEMP responsce
ot a test body placed in this simulator corresponds with the response of the

same body an frec space.

In order to examine the simulation quantitatively, we compare
the results of code caleulations of the SGEMP response of a test body placed
in the tank to that ot the same body in free space.  Several potentially
important cof fects are introduced by the tank. First, clectromagnetic energy
cannot be radiated into tree space but is instead reflected from the tank
walls and returned to the test object.  These reflections cause the
deposition of additional clectromagnetic energy in the satellite possibly
causing severe overtesting and even sutellite damage.  In an effort to
overcome this difficulty the resistive membrane 1s placed inside the tank.
An additional complication is caused by the emission of clectrons from the
tank walls.  These particles are a source of unwanted clectromapnetic ficlds

and can also charge the test object.




In order to isolate ecach of these effects we have performed calcu-
lations in which no eclectron emission occurs from the walls or from the
membrane. This calculation simulates perfect suppression of wall and membrane
emission. It demonstrates the cffects of reflection from the tank walls and
absorption of energy by the resistive membrane. We then examine ihe quality
of simulation provided by the strawman design in which eclectron emission
from the tank is included. Finally, we examine the extreme case of an
emitting membrane and emitting wall. Some damper designs have proposed the
use ot sheets of conducting low I material rather than ohmic meshes and
in this calculation we study the effects of membrane emission. Although this
calculation may not prove to he relevant to the SXTF design, it is reported

here since it may be of interest in connection with other SGEMP experiments.

1t is the aim of these studies to determine whether the passive
suppression provided by the low I omission from the walls of the tank 1s

adequate or whether active suppression is required.

Since the SXTF may, at some future date, be used to test satellites
whose dimensions arc comparable to the dimensions of the tank, we wish to
determine to what extent the SGEMP is atfected when parts of the satcellite

are in close proximity to the tank walls and to the membrane.

In Section 2 we desceribe our method of calculation and discuss the
various approximations and assumptions made. A detailed presentation of the
results of our calculations is provided in Section 3. Section 4 is devoted
to a discussion of the signitficance of our results and in Section 5 we make

our recommendations tfor modifications of the strawman design.




SECTION 2
METHOD OF CALCULATION

Our calculations were performed using the two-dimensional
cylindrically symmetric particle pushing code SEMP, a detailed account of
which is provided in Reference 2. Several important modifications to this
code were required for our tank simulations and we shall discuss these

moditications in this scction.

2.1 CODE DESCRIPTION OF THE SXTF

The tank simulator is sketched in Figure 1. Basically, it con-
sists of a spherical vacuum tank (stainless steel) 15 m in radius from which
a segment has been removed in order to provide a suitable location for the
radtation sources. The total length of the assembly is thus 24 m. In SEMP,
this is represented by a grid of 133 % 83 cells cach 18 em in the radial
and axial directions. A resistive membranc, spherical in shape and of radius
12 meters is positioned concentric with the sphere and the satellite was

placed inside the membrane.

2.2 MESH AND BOUNDARY CONDITIONS

As with any finite ditterence scheme, our mesh must be small
cnough to provide an adequate description of the phenomenon of interest, in
our case the motion of the clectrons and the fields so produced, vet large
cnough so that calculation does not hecome excessively time consuming or
require unduly large amounts of corc. The mesh size determines the time

step because of the requirement that Courant's condition be satistied.

PN
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Figure 1. Schematic drawing of SXTF. The membrane is 3 m
from the tank walls.




We therefore require as large a mesh as possible consistent with accurate

representation of the motion of charge.

The original SEMP mesh” used three interlocking meshes with the
body drawn in the smallest mesh and the outer boundary in the largest mesh.
Our free space calculations used the three meshes and the transmitting outer
boundary condition. In our tank calculations, however, we have a reflecting
and emitting outer boundary, the walls of the tank. Accurate representation
of the emission of particles trom the tank walls demands that the mesh spac-
ing at the outer boundary be smaller than the Debye length in the charge
cloud. Satisfaction of this condition precludes the use of the three mesh

svstem and o single uniform mesh was used.

A sphere was drawn inside this mesh.  The usual boundary conditions
were applied at the surface ot the sphere. The walls of the tank are assumed
to be intinitely conducting so that the tangential component of the electric
ficld must vanish at its surface. The reflecting boundary condition is also

applied here.

The mesh spacing in these calculations was uniform with Ar = Nz =
18 cm.  Under conditions ot extreme space-charge-limiting, this mesh is

inadequate since the Debye Tength is smaller than the mesh spacing (A ~

D
Pemi.  This condition prevails at the emitting surface of the satellite
but not at the tank walls (- - 20 ¢em). At the emitting surface of the

D
satellite, particle motion cannot be described in this mesh and we must use

an alternative description ot the currents at that position. In a space-
charge-limited situation, a dipole laver forms above an emitting surface.

The current denstty way be described in terms of the time derivative ot the
dipole moment per unit arca. A P driver may be calculated tor a given

X-ray spectrum and time history for o given material using the one-dimensional

particle pushing code SCALLD, details of which may be tound in Reference 3.

b,

tidini.
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In the SXTF strawman design, two sources of radiation arce used—a
compact exploding wire source and a more extended bremsstrahlung source.
Since the bremsstrahlung spectrum is considerably harder than the exploding !
wire spectrum (2 keV blackbody), fewer clectrons are produced so that the
Debyve length in the charge cloud produced by the bremsstrahlung is larger
than the cell size.  For this reason, a dipole driver description of the

bremsstrahlung excitation is unnecessary, although it is required to simulate

the boundary laver associated with the exploding wire photon source. R
2.3 OTHER CODE MODIFICATIONS

In the SEMP code, particles inside a particular cell are moved 1%
using interpolated values of the electric and magnetic fields.  The interpolia- y
tion is lincar using the ield values at the corners of the cell. If one has z

a conductor (c.y., the damping membrane) embedded in the mesh, the ficlds are

discontinuous at its surface.  Under these circumstances, a reliable estimate

ot the ficld at a particular point can no longer be obtained by interpolation
and we usce the nearest grid point method.  In this method, particles are

moved using the values ot the ficlds at the grid point closest to the particle,
on the same side of the conductor.  One thus avoids the difficulty of inter-

polating across a discontinuity,

In our calculations, we have represented a spherical sartace in a
cylindrical mesh.  The evlindrical mesh was chosen as a matter of convenience
since the satellite is more casily represented in a cvlindrical mesh,  This
representation ot a spherical surtace can lead to inaccuracies in the rate
ot propagation ot ficlds it the wall of the tank passes diagonally through
a cell. Consider the cell shown in Figure 2 through which the tank wall
passes diagonally., A signal propagating from A to B recaches B in a time
VZ')/¢, In the code caleulations, such a signal would be required to travel
Ve

through ¢, reaching B in a time 2°r/c.

10
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In order to correct this inaccuracy, we proceced as tfollows.

Faraday's equation may be written

J .
§¥ 111' da = - ‘J[l;'

cell

In any ordinary cell of the mesh, we can write the integral on the lef

)
— (ArA:
e (ArizyB o,

but when the tank wall passes diagonally through a cell, the integral

over a4 halt cell and we have

J 9 {Ardz
’:;?f&' di‘?{("—z“

ADB

Using Stoke's theorem, we have
J
- B« da = - ¢
e

C
50

Removing the integration signs, we obtain

2
!

= - ¢V x ).
X

-~

tol —
L2
=

Amperes law may be written

’ G L2 [y
»L‘V[Q, do g er

TXYZ TXYZ

Using Stoke's theorem and removing the integration sign we tind that

o = 1ok
: E = Jﬂi + T

¢

Since the integration is over the cell TXYZ, Amperces cquation is unchanged.

B

~

AV
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t
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Combining Amperes and Faraday's equations, we have

ZxYxE=_ (41r£+

(Bt

cvbo)

[ad'tey]
—

In vacuum, we have

VZE 1 E

This is a wave equation with effective propagation velocity ¥2¢. The
introduction of the factor of 2 in Faraday's equation corrects the propa-
gation velocity in those cells through which the tank wall passes diagonally.

[n all other cells this correction is unnecessary.
2.4 RETARDATION OF THE RADIATION PULSE

Since the duration of the X-ray pulse from both the exploding
wire source and the bremsstrahlung source is shorter than the light travel
time across the tank, care must be taken to retard the emission from a point
by the appropriate light travel time. The zero point of time occurs when
the first emission point (cither on the satellite or on the wall of the
tank) starts to emit. The first emission point is the emission point closest

to the radiation source. Let its I coordinate be denoted by Z A point at

0"
:l will not begin to emit until the pulse has reached it, i.e., at time
:l—:o/c. Lvery cmission point emits with some pulse time history. However,

the pulse at cach point is displaced by the amount (Z-ZO)/C.

The X-ray pulse is thus trecated as a plane wave propagating in
the Z direction; the time of emission from a point is determined by its Z
coordinate. The plane wave approximation is appropriate when we are con-
sidering the extended bremsstrahlung source but may be slightly in error
when we are considering the more compact exploding wire source which is

better represented by a spherical wave.

13




2.5 DAMPING MEMBRANE

The membrane serves two purposes.  In all SXTF calculations, the
membrane extracts cnergy trom the wave reflected from the tank walls. [Its
purposc is to diminish the effect of reflection so that the tank more closely
simulates free space.  In some calculations, we examined a non-transparent
membrane which emits clectrons and through which particles cannot pass. In
these calculations, the membrane has the additional functions of electron

emitter and absorber,

The resistive membrane is simulated by assigning a resistance to
those cells which covrespond to the position of the membrane. [t has been

shown® that the optimal membrane impedance is 2 = /2 wherce ZO is the

“0
impedance ot frec space 378 /. Since the behavior of the fields is not very
sensitive to the value of the impedance, we chose a value of 200 Q/square.
We then reduced the electric tficeld components by a factor of 1/(1 + ZocAt/
ZA) where ¢ is the speed of light and At and A are the time step and spatial
size rospcctivoly? fhis procedure removes cenergy tfrom the tank in order to

produce a better simulation of tree space.
2.6 THE TEST SATELLITE

The satellite chosen for our simulation test was a FLTSATCOM like
the model, a rough sketch of which is shown in Figure 3a. This choice was
made since it is of interest to examine the response of & resonant body.

It may stress the simulation fidelity requirement to a greater extent than
a non-resonant body becuause it has characteristic frequencies which persist

in time.
Our satellite model shown in Figure 3b consists of three cylinders

cach of length 2 m and radius I m connected by thin struts 2.5 ¢m in

diameter. Since the struts cannot be properly described in this mesh, a

14
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2.8 m

13.2m

Figure 3a. Schematic drawing of FLTSATCOM.

10m

~

Al
f]
3

Figure 3b. Satellite.

Figure 3. Model satellite used in code.
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special trcatment was necessary. Our treatment of struts is outlined in

Appendix A.
2.7 PARAMETERS OF THE CALCULATIONS

We now give the numerical values ot the various quantities used

in our calculations.

All calculations presented in Section 3 assume an X-ray fluence of
5 x 107 cal/cmz/sec. The X-ray flux has two distinct components—a brems-
strahlung component and an exploding wire component. The bremsstrahlung
component has an essentially flat spectrum as shown in Figure 4a and a
triangular time history which peaks in 15 ns and talls slowly to zero at
70 ns (Figure 4b). The exploding wire spectrum is that of a 2 keV black
body and its time history is somewhat complicated (Figure dc¢). A peak of the
exploding wire radiation occurs after only 7.5 ns and is followed by a rapid
decline. This initial peak is followed by several sccondary peaks. Because
of Detbye length considerations discussed previously, exploding wire radiation
is represented at the surface of the satellite by the P driver shown in

Figure 1d.

The encergy spectrum of clectrons emitted from the satellite was
taken to be the backward emitted spectrum for aluminum. Emission from the
tank assumes the forward emitted spectrum of carbon. Use of the forward
spectrum is not strictly correct but comparison of the forward and backward
spectra of carbon shows that the error introduced is small. Although the
photoclectric vield of carbon is smaller than that of aluminum, the walls
of the tank have a wmuch larger arca than the satellite and consequently

emit approximately an order of magnitude more clectrons.

16
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Figure 4. Spectra and time histories of X-ray drivers.
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SECTION 3
RESULTS OF THE CALCULATIONS

The present section is the first of two devoted to a detailed
presentation and discussion of the results of our calculations. A brief

summary of the initial assumptions of the various runs is given in Table 1.

3.1 SATELLITE IN FREE SPACE

Since in a pertfect simulator, the SGEMP responsc of a body inside
a test tank should be the same as that of the same body in free space, it is
uscful for comparison purposes to calculate the free space response of our

test body.

In the free space run, the outer boundary condition is such as to
allow essentially all of the clectromagnetic energy rcaching the outer
boundary to be radiated. The treatment of the outer boundary condition in-
troduces a fractional error of approximately A/27R (sec Reference 5), where
L denotes the longest wavelength of electromagnetic radiation of interest
(which 1s of the order of the length of the satellite) and R is the radial
distance to the outer boundary. For accuracy, it is required that the
traction W/ 27R be small compared to unity. This condition requires that the
distance to the outer boundary be much larger than the dimensions of the
test hody.  Computer storage limitations make it difficult to satisfy this
requirement while providing a sufficient number of cells for an accurate
description of the satellite.  To satisty this requirement while keeping

computational demands at a reasonable level, we made use of the three

18
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interlocking meshes of increasing sizce of the original SEMP code rather

than using the single mesh.

In a perfect SGEMP simulator, the fields should be identical to
those calculated for the free-space case being free from reflected signal
and oscillations resulting from the excitation of the natural modes of the

tank.

An additional effect is introduced by the presence of the tank.
Although the walls of the tank arce coated with carbon, a material of low CZ
and low photoclectric yield, the tank has a much larger surface arca than the
satellite and emits considerably more eclectrons. The irradiation of the
tankh and satellite by X rays produces a larger quantity of clectromagnetic
energy than was produced by the irradiation of the satellite in free space

and it i1s of interest to examine the effects of this additional encrgy.

3.2 OVERVIEW OF THE CALCULATIONS

In order to examine quantitatively the effects of reflection and

photoelectric emission from the tank, three other cases have been calculated.

Case A—Perfect Suppression

In this casc, no emission takes place cither from the walls of
the satellite or from the membrane. The only emitting surface in the problem
is the tront surface of the satellite. We call this case perfect suppression

because the celectron emission from the tank walls are completely suppressed.

The assumption of a non-emitting tank is not physically justifiable
but the catculation is intended to model perfect suppression of electron
emission trom the tank walls and isolate the effects of reflection from the

tank.

20

-~

- N bt

-

-l

N ettt O e at v

-

iy,




Case B—Strawman

In this case, we model the strawman design for the SXTF described
in Reference 1. The satellite is placed inside a vacuum tank whose walls
are coated with carbon. Emission takes place from the walls with the photo-
electric yield appropriate to carbon. The damper membrane is described in
Reference 1 as an ohmic mesh made up of carbon coated fiberglass 0.5 cm in
diamcter made into a mesh with 10 cm spacing. In the calculations we assign
the appropriate resistance to the membrane, 200 Q/square, and assume that it
is non-emitting and transparent in the sense that electrons pass freely through

it.

This calculation is intended to be physically realistic and is
designed to isolate the potentially important effects of electron emission

trom the walls.

Case C—Emitting Walls and Membrane

Since other designs of damper membranes have been considered for

the SXTF, we cxamine the case wherce a non-transparent, emitting carbon membranc
is used. In this case, clectrons arec not allowed to pass frecely through the
membrane but are absorbed upon reaching it. The membranc also emits from

both sides with the photoelectric yield of carbon.

Cases A-C were calculated with the satellite centered and again
with the satellite close to the cmitting membrance. The latter (shifted)
contiguration was designed to test the situation in which a part of the

satellite was close to an emitting surface.

21




3.3 OVERVIEW OF THE RESULTS

A usetul measure of the Joule heating of clectronic circuitry due
to an induced electrometive force is the quantity fBz(t)dt. Comparison of
this quantity tor various cascs provides an indication ot the simulation
tidelity. We are also interested in the behavior of the skin current and
normal components of the clectric fields at various points on and near the

surtace of the satellite.

In this report all clectric fields are expressed in statvolts
per centimeter. Skin currents are reported in Amperes per meter. The time

integral of the square of the magnetic field is always given in arbitrary units.

The fields are calculated and plotted for ten points but here we
present the results for two representative points. uJbserver point 3 (sce
Figure 3) is close to the emitting surface of the satellite. Observer
point 10 is on the surface farthest from the radiation source. The signal
at point 3 is dominated by the emission from the front face of the satellite.
At point 10, the etfects of reflected signals and electron emission from the

tank are much more readily seen. Our main results may be summarized as follows.

The simulation fidclity is adequate at point 3 satisfying the fidelity

criteria described in Reference 6. Departures from the free space response
occur in both the strawman and emitting membrane cases. The electric field

at peint 10 at late time is dominated by a tank induced pulse which is stronger
than the initial pulse.  Considerably more cnergy is deposited at observer
point 10 in the strawman and emitting membrane cases than in the free space
case. At observer 10, the unshifted satellite strawman case fails to satisfy

the criteria for adequate simulation fidelity.

[n the case where the satellite is positioned off center, the
departure from the frec-space response is more severe.  Simulation fidelity

15 still adequate at observer point 3 but at point 10 dramatic differences

22
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appear. The behavior of the electric ficld at point 10 is characterized by

a large negative spike occurring at the time of reflection. The spike is
an order of magnitude greater than the initial spike in the free space case.
The integral of B2 is greater than in the free space case by a factor of 200.
The simulation fidelity at point 10 in the shifted satcllite case must be

considered inadequate.

We do not consider that an overtest has occurred since the ficlds
at point 10 in the strawnan case arc comparable to those at point 3 for the
free space case. llowever, the fields at peint 10 are not faithtully reproduced

by the simulator.
3.4 SIMULATION QUALITY FOR CENTERED SATELLITE CASE

We now present the results of our test simulations and discuss
in detail the quality of simulation paying particular attention to the
causes of the departures of the SGEMP response trom the free-space response.
We first examine those test simulations in which the satellite was centered

in the tank.

In Figure 5, we compare the integral of B: for all four cases at
observer point 3. The general behavior of the integral is similar in all
cases rising rapidly trom zero and flattening off at late time. Slight
differences appear in the pertect suppression and strawman cases and slightly
higher (~ 20 percent) values of the integral are attained. This indicates
that reflection from the tank walls causes the deposition of additional
cnergy at observer point 3. The differences hetween Figures 5b and 5¢ are
attributable to electron emission from the walls of the tank. Reflection
trom the tank walls produces a slight ~ 10 percent increase in the maximnum
vilue of fBl(t)dt and clectron emission produces a further 20 percent increase.
\s one would expect, the carly parts of the curves are almost identical
with the differences occurring at late time t > 100 ns.  These figures
indicate that noticeably larger amounts of energy arce deposited at observer

point 3 in the tank simulation cases than in the tree space case, but the
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cffects of reflection and emission from the tank walls do not appear to be

serious at observer point 3.

The integral 1is plotted in Figure 5d for the case in which the
membranc emits and absorbs electrons. Comparison of Figure 5¢ and 5d
indicates that the absorption and emission of clectrons by the damper mem-
brane has no major effect on the quantity of cnergy deposited at this

observer point.

We now examine the fields and currents produced in these tests.
Figure 6 shows the skin current at ohserver 3. Little difference is seen
between the various cases at point 3; cach shows a large initial spike,
followed by subsequent oscillations. In the free-space case, the skin
current had returned to zcro by 100 ns whereas oscillations continued at
late time when the satellite was placed inside the vacuum tank. The straw-
man and emitting membrane cases reveal that the late-time oscillations are
stronger when more electrons are present (compare Figure ob with Figures

6¢ and d).

Figure 7 shows the bchavior of the normal component of the electric

ficld at observer point 3. The changes in the normal component of the
clectric field at observer 3 resulting from reflection or emission from the

tank are very small at observer point 3.

From the results shown in Figures 5 through 7, we must conclude
that the quality of simulation at observer point 3 in the centered satellite
cases is very good. Becausc observer point 3 is close to the cmitting
surtace, the magnitude of the reflected pulse is small compared to the
initial pulse. It is for this rcason that little difference is scen between
the teee-space case and the case in which the satellite is enclosed in the

tank.
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A more dramatic demonstration ot the consequences of reflection
from the walls of the tank is observed at point 10.  Figure 8 shows the
behavior of fBzdt as a function of time at observer point 10 for the
centered satellite cases. Here the general behavior of the ficlds is not
dominated by the satellite emission as it was at point 3. In the plots shown in
Figure 8, onc can sce clearly the signal reflected from the tank walls. At
this point, the reflected pulse is actually larger than the initial pulse
from the satellite. We point out that these curves do not show the total
effect of the reflected pulse since the calculations were terminated at a

time when the integral was still increasing rapidly (see Figures 8b, ¢ and d).

Because of its distance from the emitting surface, the initial
pulse deposits much less energy at observer point 10 than at observer point
3(two orders of magnitude less, sce Figures 5a and 8a. In the perfect
suppression case, the maximum value of the integral is an order of magnitude
higher than in the free-space case. This increase is purely the result of
reflection from the tank walls., Figure 8¢ indicates that the emission of
clectrons from the tank walls produces a further factor of 3 increasce in
the integral at late time t > 100 ns. Emission and absorption ot clectrons
trom the membrane has littie additional ctffect on the energy deposited at

observer point 10 (see Figures 5d and 84).

From these results, we find that using the strawman design may
cause differences of a factor of 30 in the integral of B2 at observer
point 10 {compare Figures 8a and 8c¢). Since the integral provides a measure
of the Joule heating of the internal circuitry of the satellite, we must
conclude that the influence of the tank walls may cause large increases in
the amount of cnergy received at obhserver point 10. We may add that our
estimiate of a factor of 30 increase may be an underestimate since the
caleulations were terminated at a time when the value of the integral was
increasing rapidly. A satellite placed inside a test tank could continue
to extract energy from the cavity causing the cnergy received at certain

points to cxceed its free space value hy a large factor.
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[t is not clear that use of the strawman design for the SXTF
would lead to overtesting of this type of satellite. Although point 10
receives much more energy in the strawman case than it does in the free-space
casc, the total amount of energy deposited at point 10 is much less than
that deposited at point 3. Since a satellite must be able to withstand
irradiation from any direction, this cannot be considered an overtest.
However, at the particular observer point under discussion, this test fails

to meet the criteria for simulation fidelity which requires that

S8
B, dt
thr

0
where the subscripts sim and thr refer to the simulation and threat sources
respectively.®  (We have substituted the free space response for the threat

source in the above relation.)

We now consider the fields and currents produced at obscrver point
10, Figure 9 shows the behavior of the skin current at obscrver point 10
tor all four cases. lere obvious differences are scen in the tank simulation
cases as compared to the free-space case.  The initia! pulse at observer 10
is much smaller (by a factor of 10) than the initial pulse at observer point
3. While the initial pulse at point 10 is of the same size¢ in all four
cases, the reflection causes large differences to occur at late time. At
this point, the reflected pulse is much larger than the inittal pulse by a
tfactor of 2 for the case of perfect suppression and a factor of 5 for the
strawman case and for the case of the emitting membranc. fere the emission
of clectrons has a considerable effecet on the amplitude of the reflected

pulsc.

From Figure 9 we sce that at late time (t >~ 100 ns), the magnitude

of the skin current is one order of magnitude larger in the strawman case
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than in the free-space case. However the skin current 1s still a factor of
3 lower than the current caused by the initial pulse at point 3 and as a
result, we cannot consider that an overtest has occurred. The behavior of
the skin current at late time is very different from the late time behavior
of the skin current in the free-spuce case indicating that the simulation

fidelity is poor at point 10.

Figure 10 shows the normal component of the eclectric field at
observer point 10. Dramatic differences occur in the normal field for the
strawman case. A large dip begins at the time when the wave is reflected
from the walls of the tank. The L component reaches a magnitude of approxi-
mately seven times greater than inuthe free-space case and has opposite sign.
Furthermore, the overall shape of the curve is completely different. The
initial rise is followed by a very deep minimum. Comparison of Figures 10c
and 10d indicates that the emission and absorption of electrons from the
damper membrane makes essentially no difference to the I field at observer
point 10. However, Figure 10c shows that the presence o; emission from the
tank walls causes an enhancement of the reflected signal. Evidence for this
same cffect can be secen in the skin current plots {Figure 9) although the

effect here is not as pronounced as it is for the electric field.

The reason for this unexpected behavior is not fully understood
but a4 possible mechanism is suggested in Section 4. The magnitude of the
fictds at point 10 is considerably less than the magnitude of the fields in

the initial pulse at point 3 so that we cannot consider that an overtest has
taken place.  The ficlds differ from the free-space case to such an cxtent

that the simulation quality criterion cannot he satisfied.
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3.5 SATELLITE OFF CENTER

A series of calculations was performed in which the satellite was
removed from the center of the tank and placed close to the rear wall. In
this conftiguration, the satellite was within 36 cm of the damper membrane.
The purpose of these calculations was to cxamine the effects of having the
satellite close to the tank walls. Stronger reflections are expected to
occur in this case raising the possibility of overtesting. The satellite is
now much closer to the source of electrons so that larger electric fields
on the satellite may be produced. Considerations of the effects of the
proximity ot the satellite to the tank walls are of importance since it is
probable that the SXTF will be used for tests of very large satcllites whose

dimensions will be comparable to those of the tank.

fn order to examine in isolation the effects of position upon the
retlection of electromagnetic waves, the fluence was not reduced from its
value in the previous calculations.  This assumption is not physically
justified since the exploding wire radiation behaves as a spherical wave falling

bl
off as 1/r”.

The time integral of Bz(t) at obscrver point 3 is shown in
Figure 11, At observer point 3, the behavior of the integral is very
similar to the behavior in the case of the centered satellite (Figure 5).
Figure 11 indicates that in the casce of the shifted satellite, the reflection
trom the tank walls deposits more energy on the satellite than it does in
the case of the centered satellite but the difference is small (cf. Figures
Seoand Llere  In the shifted satellite strawman case, the integral of Bz(t)
has a maximum value of only 10 percent higher than that attained in the
centered satellite strawmia case. From Figure 11d, we sce that the emitting
membrane has little effect on the overall behavior ot the integral. At
late time the value of the integral in the emitting membrane case is ~ 10
pereent lower than in the strawman case {(compare Figures 11¢ and 11d).  This
effect Is similar to that scen in the centered satellite case (compare Figures

S5¢ and 5di.
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From the plots in Figure 11, we sce that the strawman casce differs
from the free-space case by less than a factor of 2 in fBz(t)dt. This c¢lose
agreement between even the most extreme cases indicates that in the shifted
satellite case, the simulation fidelity at observer point 3 is very good.
Further evidence for the high quality of simulation is provided by the plots
of skin current and normal component of the clectric ficld shown in Figures

12 and 13 respectively.

The general behavior of the skin current is the same in all four
cases; the sharp initial spike is followed by lower amplitude oscillations.
In those cases in which the satellite is enclosed in the tank, the reflected
pulse is quite prominent (Iigures 12b, ¢ and d) especially in those cases in
which targe quantitics of eclectrons are present. In no case does the reflected
pulse exceed ~ 80 percent of the initial pulse so that the skin current plots
do not show any evidence tor the possibility of overtesting. In addition,
Figure 12 indicates that the reflected pulse never provides skin currents
larger than twice the free space values (compare Figures 12a and 12¢) so

that the criteria for simulation fidelity are satisfied.

Comparison of the various cases shown in Figurce 13 show that the
hehavior of the electric field is almost identical in all four cases. In
summary we conclude that the influence of the tank walls do not give rise
to overtesting and that the quality of the simulations at observer point 3

is very good.

The simulation fidelity is much worse at ohserver point 10. The
plots of fBzdt for observer point 10 reveal that the strawman case differs
from the free-space case by almost a factor of 200 (Figure 14). The presence
of the tank in this case causes an enormous cnhancement in the Joule heating
of the circuitry at this point. Hovever, the maximum value reached by the
integral is still comparable to the value reached at point 3 in the free-

space case so that although the simulation fidelity is very poor, no over-

testing occurs.
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There are large differences in the behavior of the skin current
at observer point 10. The behavior of the skin current in the strawman and
emitting membrane cases (Figures 15c¢, and 15d) differs from that of the
tfrece-space case in the same general way as they did in the centered satellite
cases (Figures 9c and 9d) when the satellite is close to the tank walls,
however, these differences are much more severe. The dip which occurs at the
time of reflection ~ 90 ns is approximately an order of magnitude larger
than the initial spike and has an opposite sign. These large differences in
the behavior of the skin current arce another indication of the poor quality

of simulation at this point.

The reflected pulse in the perfect suppression case is much weaker
in the shifted satellite case than it was in the centered satellite perfect
suppression case (compare Figures 9b and 15b. This difference may be

attributed to the proximity of the observer point to the damper membrane.

The most surprising results of this work are shown in Figure 16. Here
we show the normal component of the electric field at observer point 10. EZ
reaches a magnitude of 20 times its free-space value and has an opposite sign
in the strawman simulator. The magnitude of the field is comparable to that at
observer 3 (sec Figure 13). The bhechavior seen here is similar to but more extreme
than that scen in the centered satellite case, with the field reaching a
value of almost three times greater than that shown in Figure 10.  After
the dip, the field increases reaching positive values of over six times the
free space maximum. At late time t > 150 ns, the strawman case bchaves
differently from cither the free space or perfect suppression casces. Rather
than oscillating about some positive mean (Figures 16a and 16b), the field
decreases monotonically to very large negative values (-0.17 esu). We
suggest that this decrecase is caused by the deposition on the satellite of
charge emitted from the tank walls. No significant differences were found
in the behavior of the electric field at observer point 10 between the

strawman case and the emitting membrane case.
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The surprising behavior of the ficlds at observer point 10 is not
well understood and the next section of this report is largely concerned

] with our attempts to understand this phenomenon.

Finally, we may draw the following conclusions.

l. Simulation fidelity is generally very good at observer
points closc to the emitting surface of the satellite both
for the perfect suppression case and for the strawman case.
Fidelity is slightly worse when the satellite is positioned
close to the tank walls but in all cases, the criteria for i

acceptable simulation fidelity are satisfied.

2. In no casc was cvidence for overtesting found. Although
the fields produced at obscrver point 10 arc much higher in
the strawman casce than they were in the perfect suppression
case, they are never much greater than they are at observer
point 3.

3. Since a satellite must be designed to survive irradiation
from any direction we cannot consider this to be an overtest

although the simulation fidelity is clearly unacceptable.
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SECTION 4
ADDITIONAL CALCULATIONS

The peculiar behavior oi the clectric and magnetic fields described
in the previous scction is Jdifficult to understand. Because of its implica-
tions for the SXTF design, we feel that it is important to be confident of
these results and to develop some physical understanding.  The calculations
reported in this scetion were aimed primarily at determining the cause of
the dip in the magnetic ficld shown in Figure 15 and in the electric tield
shown in Figure l6. Such factors as the amount of wall emission present,
the X-ray spectrum, the X-ray emission time history and the method of calcu-
lating the movement of particles are examined. One purpose of these studies
was to climinate the possibility that the peculiar behavior of the tields
is some artifact of the code. The details of the several cases examined are
summarized in Table 2.

In Case A, the satellite is in the same position inside the tank
as in the shifted satellite cases discussed in the previous section.  (ase
A differs from the shitfted satellite strawman case oniy in that electron
emission occurs only from the front hemisphere of the tank and the damping
membrane was removed. A significant difference in the results obtained in
this case is that the normal component of the electric ficld at observer
point 10 has decrcased by approximately a factor of 2 (sece Figure 17).

The dip seen in the skin current in this case (Figure 18) is also smaller
than that scen in the strawman case {(Figure 15¢). In addition, the
oscillations in the tields do not damp out even at times as late as 600 ns.
This lack of damping is due to the absence of the damper membrane. The

reduction in the amplitude of the dip has two possible causes. Since the
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differences between Case A and the strawman casc are in the quantity

and position of the emitted charge, we conclude that the reduction in the
magnitude of the dip is attributable to one or other of thesc differences
or to the combination of the two. This calculation suggests that the dip

has its origin in the sphere rather than in the satellite.

We next examine the possibility that the peculiar bechavior of the
fields may in some way be caused by the presence of the satellite. Perhaps
it is some artifact of the numerical algorithm of treating the thin current
carrying struts. In order to rule out this type of possibility, we calculated
Case B in which the satellite was removed from the tank and the sphere emission
is only caused by the exploding wire X-ray source. The general behavior of the
clectric field in this case (shown in Figure 19) is similar to that found
for Case A and to the shifted satellite strawman casce shown in Figure l6c.
The behavior of the skin current in Cases A and B are similar (Figure 20)
with roughly the same magnitude of dip. The reflected magnetic field is
approximately 40 percent stronger in Case B than in Case A where its maximum
is 0.9 amp/m. The initial spike scen at ~ 60 ns in Figures 16¢c and 17 is
caused by the interaction of the X-ray pulse with the satellite. Since no
satellite is present in Case B, no initial spike is seen. The electric
tield at obscrver point 10 in Casc B first departs from zero at ~ 70 ns duc
to the interaction of the X-ray pulse with the wall of the tank. A clear
spike is produced recaching its greatest negative value at ~ 95 ns. The
amplitude of this spike is reduced by a factor of four from the strawman
case.  The absence of the satellite reduced the amplitude of the spike
but did not cause it to disappear. Although the presence of
the satellite affects the size of the spike, it does not cause it. We can
therefore exclude the possibility that the unexpected behavior of the fields
is some artifact of our code description of the satellite. In addition, Casc
B clearly demonstrates that the dip is in some way caused by the sphere rather

than the satellite.
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In Case C we irradiate the sphere using the bremsstrahlung source

only. The general behavior of the field (Figures 21 and 22) is remarkably
simtlar to that seen in the strawman casc and in Cases A and B described
above.  The magnitude of the dip is lower than in Casc A by a factor of

two and lower than the strawman casc by a factor of five. We see that the
dip is not strongly affected by the characteristics of the radiation striking

the sphere.

In Cases D and E, we study the effect of retardation of the pulse.
The radiation source is an exploding wire and particle emission is calculated
using a dipole driver. The dipole driver is placed on the surface of the
sphere and has the same magnitude and time history as that placed on the
emitting surtface of the satcellite in Case A.

Case D resembles Case A in that we consider clectron emission from
the tront half of the sphere and the satellite is present in the tank. Here,
however, the emission from the satellite is neglected. The resulting curves
are smoother duc to the absence of noise caused by particle statistics.
Figure 23 shows the behavior of the clectric field in Case D.  Because the
dipole driver on the sphere has a large amplitude (appropriate in fact to
the emitting surtface of the satellite), a very strong dip occurs at the
time of retlection. The dip 1s a factor of two larger than it is in the
strawman case.  Following the dip, the field rises to a very large
positive peak (0.63 esu).  The magnetic field at observer point 10 (Figure
2H initially behaves very much like the magnetic field in previous cases
{e.e., A and B) but its behavior at late time is more extreme rcaching
a large positive peak and rapidly falling to a very large negative valuc.
From case D we find that the presence of a non-emitting satellite has
little effect on the dip.  In addition, we are able to rule out the pos-
sihility that the dip is some artifact of our particle emitting and moving

code.
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In Case E, the satellite is absent and the emission from the sphere
is from the exploding wire source only. Again we use the P description of
the electron emission. In this case, the dipole driver is not retarded.
Instead, the dipole layer forms simultancously over the entire hemisphere.
Comparison of Figure 25 and Figurce 23 reveals that the dip in Case E is
much less pronounced than in Case D.  The unretarded dipole driver in Casce E
appears to have considerable influence on the behavior of the field. A local
minimum occurs in EZ at the time of reflection, but this scems to be simply
the first in a series of oscillations. The magnetic field behaves similarly

(Figure 26).

The phenomenon of the deep minimum is not completely understood.
We have, however, ruled out several possibilities. This behavior has been
shown not to be an artitact of our code description of the satellite, not an
artitact of our particle emission algorithm or of our particle moving
routines and s not caused (although it may be modified) by the presence of
the satellite.  The dip is not caused solely by cither the exploding or
bremsstrahiung emission.  The dip appears to be directly related to the
cmission area on the sphere and is strongly intluenced by the retardation

of the emission of the sphere.

One possibility is that the dip arises from the excitation of a
mode of the tank. The width of the dip in Case A is about 30 ns suggesting
that a mode of frequency about 33 Miz may be excited., We wish to determine
whether a mode of such a frequency can be excited by the dipole driver. In
order to examine quantitatively the excitation of the sphere, we have
calculated Case F.  In this case we remove the satellite and excite the

sphere using a truncated, unretarded driver. The dipole driver is the same

as that used previously during the initial 13 ns and has zero magnitude thereafter.

After 13 ns the undriven sphere rings and its modal response is shown on the
Fourier spectrum of the magnetic field at the center of the mesh (Figure 27).

Several harmonics are simultancously excited. One of the strongest has a
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frequency of 33 MHz suggesting that the spike may be the mode of the system
having this frequency. The evidence for this is incomplete and many
difficulties are encountered in trying to explain the behavior of the fields

as excitations of modes of the sphere.

An alternative, perhaps more plausible, hypothesis for the cause

of the dip will be detailed below.

Before describing the proposed hypothesis for the effect we will
try to give some background for understanding the behavior of the EM fields
in this system. The effect of a tank on an SGEMP simulation can be conveniently
described in threce successive parts. Prompt electromagnetic radiation effects
caused by electron emission from a damper or tank walls arriving at the satel-
lite at time, t, roughly equal to 2R/c, where R 1is the tank radius and ¢
is the velocity of light (this time is 100 ns for the tank used in our
simulation). Electromagnetic radiation effects caused by reflection from
the tank walls can be described in terms of a modal picture. A modal descrip-
tion is most convenient after the radiation has assumed a global character
which occurs after t > 3R/c¢ when one side of the tank has felt the presence
of the other side. Before this time too many modes are necessary for an
adequate description. The modal description is the second part of the
system's behavior. The third part arises from electrons emitted by the
walls, damper and source shiclds striking the satcllite. Since electrons
move slowly compared to the velocity of light and since the wall emission is
to a first approximation spherically symmetric, the effect of electron impact

can be described by electrostatics and occurs relatively late in time.

We suggest that the spike or dip effect is due to prompt electro-

magnetic radiation. Recurrence of the effect, should modes add up with the

proper phasing, will be diminished due to the presence of the damper.
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When photons arrive at the sphere walls electrons are emitted and
slowed by the resulting electric fields. These circumstances give rise to
both change of dipole moments and time rates of change of dipole moments
at the wall. The magnetic field radiation from a dipole moment changing
in time is given by
~ 7
§o L nxb

<

- - ~
(E=Bxr),

where r is the vector from the source to the field point and'; is in the
radial direction. For this geometry the prompt magnetic field will be zero
at the center of the tank and maximum necar the edge where the effect of

all the wall dipoles are additive. Therefore, the hypothesis compares
qualitatively with the code calculation because the dip effect is greatest
when the satellite is in the shifted position and decreases by a factor of
two when only half the tank surface is illuminated or only half the wall

dipoles exist.

Radiation from the dipoles do not arrive at the satellite
simultancously from all wall positions so the cffect is spread out in time.

For plane wave cexcitation the maximum time difference for waves arriving at

the end of the spherical tank diametrically opposite the center of the source

of the wave is 0.5 R/c.  If all points on the wall arc excited simultaneously
the maximum time difference of arrival is 2R/¢. We should therefore expect
the ratio of the planc wave excited spike to the simultancous wall emission
to be in the ratio of 4 to 1. This scems again to be supported by the code
computations. A characteristic magnitude for P from the 2 kV blackbody
source is about 2 x 1016 statamp/scc at the walls and lasting about 5 ns.

We would therefore expect a prompt magnetic field arriving at 2R/c¢ (100 ns)
of duration ahout .5 R/¢ + 5 ns = 30 ns and having a magnitude of about

P, 2 5

) .035 gauss ¥ 3 amp/m .

| —
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The 1/2 in the above calculation arises becausce the average of rx Vs
estimated as 1/2; the factor of 5/30 arises because the P° pulse is about
5 ns but is spread over 30 ns. The estimated character of the prompt pulse
agrees with the observed character in Figure 15 and supports the proposed

hypothesis for the dip effect.
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SECTION 5
RECOMMENDATIONS

The presence of the tank and electron emission from the walls do
not appear to affect the fields on and necar the satellite in such a way as
to cause severc overtesting. Even in our most extreme case Figure 1l6¢, ‘the
magnitude of the ficld produced at observer 10 is approximately the same as
that seen at observer 3. Our results indicate, however, that while
acceptable simulation is produced in the perfect suppression case, the more
realistic casc of an emitting tank wall produces very poor simulation
fidelity at specific points. The departure of the response from the free-
space response is most scvere when the satellite is placed close to the
tank walls, indicating that for a strawman design SXTF, scrious fidelity

problems may arisc in tests of larger satellites.

suppression ot electron emission from the tank walls appear to be
required to remedy this situation. Coating the tank walls with carbon (a
low-photoelectric yicld substance) as in the strawman design is inadequate.
Additional suppression or collimation is nccessary. 1f collimation is not
sufficient, an active suppression grid maintained at a fixed potential may
be necessary in order to prevent wall clectrons from causing a large tank

responsc.
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APPENDIX A
TREATMENT OF THIN CURRENT CARRYING STRUTS

Our calculations attempt to describe electromagnetic phenomena
inside a tank of radius 30 m. The test body consists of three cylinders
connected by struts of radius 1.25 cm. Clearly it is not possible to use a
mesh fine enough to describe the struts while at the same time covering the
entire space of interest. Such a description of the problem would require
enormous amounts of computer storage and CP time. An alternative procedure

is required.

Our technique of treating thin struts is similar to that described
by Parks, et al.” and Lee.® We shall present a brief outline of this

method.

In general, Faraday's equation may be written

[=5]

9B
at -’

<<
X
1]
)
| r—

Integrating the cquation and making usc of Stoke's thcorem, we obtain

1 9B

E _a_.t_..da:_fg.d&
7

Now consider this cquation as it applies to some cell lying on the Z axis

and consider a thin conducting strut of radius a << Ar lying along the Z
axis. Faraday's cquation may then be integrated with the arca of integra-

tion bheing the shaded area in Figure A-1 and the contour being its perimeter.

61




Using the fact that the field in the vicinity of the strut varies
like 1/r, the surface integral becomes

AT/ 2

Az [ 9B(a)
Tf ata (%) dr .

ad

Carrying out the integration we have

|
|

4
L2 3B(a) !
< Y aln(Ar/2a) 1
!
{
The line integral becomes, since E_ vanishes on the conductor and ,
the normal field to a cylindrical conductor varies as 1/r
Ar/2 Ar/2
: va s fy a - E a
B} LZIAL EC) g fr dr E(a)r’SLfr dr
a a
= - E. AZ + (E(a) - E(a) Yaln (ézﬂ
'21‘ r,2+1 r,% 2a
Rearranging the terms, the integrated Faraday equation becomes
, k- I (a) - E(a)
9B (a) _ R 1 . r,8+1 r,d
3t aln(Ar/2a) AZ
This equation ditffers from the usual difference formulation of Faraday's
equation only in that the term in Lk, has becen added.
b
1
Ampere's cquation may be treated similarly. In general, we have
1 3E
P TNV U L
2
where J is in abamperes per ¢m”. Integrating and making use of Stoke's
theorcm
1 ok o o
s fuaae fra
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Figure A-1. Wire lying along Z axis with a << Ar.
Contour of integration for E.

Figure A-2. Contour of integration for H.
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where the area of integration is the circle of radius Ar (see Figurc A-2)

and the contour of integration is the circumference of the circle. Then
neglecting the small area of the wire
L ok
TAr~ 71 5
—— = 2mArH, - 2maH(a
C at 1 @,
which becomes, on rearranging
oF
"1 2c 2ac .
— = I H, - H(a
5t Ar z Ha)
Ar
which is simply the usual difference formulation of Ampere's equation with
an additional term.

The radial component of Ampere's law is

L
1 ro_ ..
—_ = =f‘.'1 X} - 7.1 .
¢ at : + ﬂ‘

Integrating over the surface of the wire furnishes an equation
relating the normal electric ticeld and the surface magnetic field.

These modifications of Maxwell's cquations permit the calculation
of the fields in the vicinity of the wire and makes possible an accurate
description of the clectromagnetic behavior of the test body using a mesh
large compared to the strut radius. One can thus realize large savings in

computer storage and CP time.

e oo
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